1H-3-Hydroxy-4-oxoquinaldine 2,4-dioxygenase (HOD) is a cofactor-devoid dioxygenase that is involved in the anthranilate pathway of quinaldine degradation. HOD has been proposed to belong to the /-hydrolase-fold superfamily of enzymes. N-terminally His 6 -tagged HOD has been crystallized by the hanging-drop vapour-diffusion method using sodium/potassium tartrate as a precipitant and CuCl 2 as an additive. The structure was solved by the single anomalous dispersion (SAD) technique using data collected to 3.5 Å resolution at the Cu absorption peak wavelength. The crystals belong to the primitive tetragonal space group P4 3 2 1 2, with unit-cell parameters a = b = 153.788, c = 120.872 Å .
Introduction
In several aerobic metabolic pathways, O 2 is incorporated into organic compounds through monooxygenase-or dioxygenasecatalyzed reactions (Hayaishi, 1974) . For instance, oxygenation is often used to make lipids and particularly aromatic molecules amenable to further biochemical transformations. 1H-3-Hydroxy-4oxoquinaldine 2,4-dioxygenase (HOD; EC 1.13.11.48) from Arthrobacter nitroguajacolicus Rü 61a is a 32 kDa enzyme that is involved in the anthranilate pathway of quinaldine degradation (Bauer et al., 1996) . It catalyses the O 2 -dependent N-heteroaromatic ring cleavage of 1H-3-hydroxy-4-oxoquinaldine to N-acetylanthranilate and carbon monoxide (Fig. 1) .
Sequence analysis and secondary-structure prediction indicate that HOD belongs to the large superfamily of /-hydrolase-fold enzymes (Fischer et al., 1999; Nardini & Dijkstra, 1999) . HOD displays no sequence similarities to other known oxygenases, except for the 1H-3hydroxy-4-oxoquinoline 2,4-dioxygenase (QDO; EC 1.13.11.47) involved in 1H-4-oxoquinoline degradation by Pseudomonas putida 33/1 (Qi et al., 2007) . QDO catalyses a reaction very similar to that catalysed by HOD; namely, the dioxygenolytic N-heteroaromatic ring cleavage of 1H-3-hydroxy-4-oxoquinoline to N-formylanthranilate and carbon monoxide (Bauer et al., 1996) . HOD and QDO share 37% identity at the sequence level and these two enzymes are the only dioxygenases that have been proposed to be members of the /hydrolase-fold enzymes.
Oxygenases usually depend on a transition metal and/or organic cofactors for activity. This is a consequence of the fact that a direct reaction between the triplet ground-state O 2 and singlet ground-state substrates to produce singlet-state products implies a violation of the conservation of the total angular momentum (Hamilton, 1974) . It is therefore a low-probability event. The presence of cofactors overcomes the spin-forbiddenness of the process. The mechanism used by nonhaem iron-dependent (Que, 1999) , copper-dependent (Steiner et al., 2002) , flavin-dependent and pterin-dependent (Massey, 1994; Palfey et al., 1995) oxygenases have been studied and various reviews are available that discuss the general mechanisms of oxygen and substrate activation in enzymatic oxygenation reactions. Biochemical and spectroscopic studies have shown that neither HOD nor QDO contain organic cofactors or stoichiometric amounts of any metal (Bauer et al., 1996; Fetzner, 2002) . The mechanism(s) employed by these dioxygenases are therefore very interesting from the viewpoint of fundamental enzymology.
The availability of three-dimensional information should increase our understanding of the catalytic mechanism employed by these intriguing cofactor-devoid dioxygenases as well as provide direct evidence about their fold. In this account, we report the crystallization and preliminary X-ray analysis of HOD.
Materials and methods

Cloning and expression
The hod gene from genomic DNA of A. nitroguajacolicus Rü 61a was isolated and cloned by PCR amplification as described in Frerichs-Deeken et al. (2004) . For protein overexpression in Escherichia coli, the target gene was inserted into the pQE30 vector (Qiagen) at the BamHI and SalI restriction sites. An N-terminal His 6 fusion tag of sequence MRGSHHHHHHGS was added to the gene product in order to facilitate protein purification. The recombinant vector containing the target gene was transformed in competent E. coli M15[pREP4] cells by electroporation.
Transformed cells were grown overnight in 10 ml Luria-Bertani (LB) medium supplemented with 50 mg ml À1 kanamycin and 100 mg ml À1 ampicillin at 298 K. 400 ml of the overnight starter culture was then transferred into 400 ml LB medium supplemented with antibiotics and incubated at 310 K until the OD at 600 nm reached 0.5. After decreasing the temperature to 301 K, expression of His 6 -HOD was induced with 0.5 mM IPTG; the cells were allowed to grow for a further 20 h and were then harvested by centrifugation at 3500g and 298 K for 15 min.
Purification
Cells were resuspended in 50 mM Tris-HCl pH 8.0, 200 mM NaCl, 20 mM imidazole supplemented with 1Â protease-inhibitor cocktail (Calbiochem) lysis buffer and lysed by pulsed sonication on ice. Cell debris was pelleted by centrifugation at 44 000g and 277 K for 45 min. The supernatant was filtered through 0.22 mm filters and loaded onto a 5 ml Ni-loaded His-Trap (GE Healthcare) column previously equilibrated with 50 mM Tris-HCl pH 8.0, 200 mM NaCl, 20 mM imidazole and washed with this buffer until a constant A 280 was observed. Protein was eluted with a gradient to 50 mM Tris-HCl pH 8.0, 200 mM NaCl, 500 mM imidazole and fractions containing HOD were pooled.
After dialysis overnight against 50 mM Tris-HCl pH 8.0, 5 mM KCl, 2 mM EDTA, the His 6 -HOD solution was loaded onto a Resource-Q (GE Healthcare) ion-exchange column previously equilibrated with dialysis buffer. HOD was eluted with a gradient to 50 mM Tris-HCl pH 8.0, 600 mM KCl, 2 mM EDTA. The protein was concentrated and further equilibrated in 20 mM Tris-HCl pH 7.5, 100 mM NaCl, 2 mM EDTA, 1 mM DTT (storage buffer) for storage at 193 K.
Frerichs-Deeken et al. (2004) have shown that HOD has a tendency to form a mixture of monomeric and dimeric species and that dimerization can be prevented by mutating Cys69 to Ser. The HOD C69S variant has catalytic properties that are identical to those of wild-type HOD (Frerichs-Deeken et al., 2004) . Therefore, we produced the His 6 -HOD C69S variant as well as the inactive His 6 -HOD C69S/H251A double variant using the QuikChange (Stratagene) mutagenesis system. The His 6 -HOD C69S/H251A double variant is catalytically inactive owing to the His!Ala substitution of the essential residue His251 (Frerichs-Deeken et al., 2004) . Both His 6 -HOD variants were purified according to the protocol described above. An SDS-PAGE gel of purified His 6 -HOD C69S/H251A is shown in Fig. 2 . On average, the typical yield of pure protein material is approximately 30 mg per litre of culture.
Crystallization
Owing to their more homogeneous behaviour in solution, crystallization trials were mainly carried out using the His 6 -HOD variants described in x2.2. Crystallization conditions were established with the hanging-drop vapour-diffusion technique using 24-well Linbro plates. All experiments were carried out at a constant temperature of 291.15 K using a protein:precipitant ratio of 1.0. Initial crystallization trials of His 6 -HOD C69S/H251A at concentrations of up to 50 mg ml À1 in storage buffer using various commercial screens (Crystal Screen, Crystal Screen 2, Index, SaltRx, PEG/Ion from Hampton Research) as well as noncommercial versions of the Clear Crystal Strategy 1 and Clear Crystal Strategy 2 screens (Brzozowski & Walton, 2001) failed to produce crystals. However, analysis of the results obtained from the crystallization trials using the various kits indicated salts as being more likely to produce crystals compared with organic precipitants. Crystallization conditions containing salts generally gave light precipitates, whereas organic precipitants tended to yield amorphous precipitates. Amorphous precipitates were also often observed in crystallization conditions buffered at pH values below 5.0-5.5. Screening of several salt precipitants (ammonium citrate, ammonium tartrate, sodium/potassium tartrate, sodium malate, sodium malonate, sodium formate, ammonium nitrate, ammonium sulfate, sodium acetate, sodium chloride, lithium sulfate) at various concentrations yielded 'sea-urchin'-like microcrystals using 1.8 M sodium/potassium tartrate as a precipitant and His 6 -HOD C69S/H251A in storage buffer at a concentration of 50 mg ml À1 (Fig. 3a) . Identical microcrystals were also obtained under the same conditions using the His 6 -HOD C69S variant.
Further crystal optimization was carried out using the His 6 -HOD C69S/H251A variant only. Single crystals were obtained by optimizing the precipitant and protein concentration as well as the pH used to obtain the microcrystals shown in Fig. 3(a) . The single crystals shown in Fig. 3(b) (crystal form A) were obtained using His 6 -HOD C69S/H251A at a concentration of 150 mg ml À1 in storage buffer in the presence of a reservoir composed of 1.65 M sodium/potassium tartrate and 0.1 M HEPES pH 7.0. SeMet-substituted His 6 -HOD C69S/H251A failed to crystallize under identical conditions. The His 6 -HOD C69S/H251A crystals obtained as described above diffracted to 3.15 Å resolution at the ID14-EH1 beamline (ESRF, Grenoble). Analysis of cumulative intensity distribution plots (data not shown) from diffraction data ( Table 1 , crystal form A) revealed these crystals, which appeared to belong to point group P422, exhibit twinning.
In parallel with attempts to solve the structure of His 6 -HOD C69S/ H251A from twinned data using the molecular-replacement technique with various members of the /-hydrolase-fold family as templates, we also tried to overcome the twinning problem by screening crystallization additives using the Additive Screening kit (Hampton Research). We found that the addition of 10 mM CuCl 2 to the 1.65 M sodium/potassium tartrate, 0.1 M HEPES pH 7.0 crystallization mixture yielded small His 6 -HOD C69S/H251A crystals of different morphology (Fig. 3c) . Optimization of the additive concentration led to crystals of square bipyramidal shape (crystal form B; Fig. 3d ) which typically grow to dimensions of 350 Â 350 Â 200 mm over three weeks. These His 6 -HOD C69S/H251A crystals grow from a protein solution at 150 mg ml À1 in storage buffer in the Crystals of His 6 -HOD C69S/H251A obtained as described in x2.3. Table 1 Data-collection statistics.
Values in parentheses are for the highest resolution bin.
Data set
Crystal form A (Fig. 3b) Crystal form B (Fig. 3d (Matthews, 1968) give four protein molecules per ASU, assuming the real point group to be either P4 or P222.
presence of 1.65 M sodium/potassium tartrate, 0.1 M HEPES pH 7.0 and 30 mM CuCl 2 .
X-ray diffraction
His 6 -HOD C69S/H251A crystals grown from 1.65 M sodium/ potassium tartrate, 0.1 M HEPES pH 7.0 and 30 mM CuCl 2 were transferred for a few seconds into a reservoir containing 1.7 M sodium/potassium tartrate, 0.1 M HEPES pH 7.0, 30 mM CuCl 2 and 15%(v/v) glycerol and vitrified in liquid nitrogen for data collection. Although the high salt concentration present in the reservoir allows a high degree of cryoprotection, we observed improved behaviour in the presence of glycerol.
We reasoned that the crystallization of His 6 -HOD C69S/H251A in the presence of a high concentration of Cu 2+ ions might have resulted in heavy atoms bound to the histidine tag and that these might be useful for phasing purposes. A single anomalous dispersion (SAD) data set (Table 1 , crystal form B) was collected at 3.5 Å resolution using synchrotron radiation at the Cu absorption edge (1.3783 Å ). Crystallographic data for both HOD crystal forms were processed using the HKL suite (Otwinowski & Minor, 1997) . Analysis of intensity statistics revealed that His 6 -HOD C69S/H251A crystals grown in the presence of CuCl 2 no longer exhibited signs of twinning.
Results
Data from HOD crystal form B were used for structure solution. In order to solve the structure of His 6 -HOD C69S/H251A, the graphical user interface HKL2MAP (Pape & Schneider, 2004 ) was used to run several programs (SHELXC, SHELXD, SHELXE) from the SHELX suite. After data preparation with SHELXC (Sheldrick, 2003) , the substructure-solution program SHELXD (Schneider & Sheldrick, 2002) easily located six high-occupancy Cu atoms in 30 of the 100 phase trials performed. These sites were then directly passed to SHELXE (Sheldrick, 2002) for phasing and density modification (solvent content set to 65%). A clear difference in contrast was seen between the original and inverted-hand enantiomorphs. Inspection of the electron-density maps revealed regions of correct right-hand helices in space group P4 3 2 1 2 which could be fitted to helical segments using the ARP/wARP HelixBuild module (Morris et al., 2004) . Model building using maps calculated from SHARP (Bricogne et al., 2003) improved phases is nearly complete. We anticipate that the Cu ions used for phasing bind to the N-terminal hexahistidine tags available and that HOD adopts the predicted /-hydrolase-fold topology.
